Being venomous should help a predator to maximize foraging gain, reduce handling time, and hoard food. Shrews are a good model for study of the relationship between venomousness and optimal foraging as they have to be highly efficient foragers (because of extremely high energy requirements) and comprise a few venomous species. We hypothesized that venom facilitates shrews to overpower large prey and enables hoarding of (mainly large) prey in a comatose state. We compared hunting and hoarding behaviors of the venomous Neomys fodiens and the nonvenomous Sorex araneus, which were allowed to forage on live prey differing in body size. As we predicted, small invertebrates were immediately consumed by both shrew species, whereas larger ones were immobilized and hoarded. Smaller S. araneus hoarded proportionally more food than larger N. fodiens. Although different ways of prey immobilization were expected (venomous paralyzing by N. fodiens and mechanical damage by S. araneus), both species seemed to use mechanical immobilization. However, N. fodiens required significantly less time than S. araneus to subdue prey of proportionally similar sizes and this difference grew with the increase in prey mass. Only N. fodiens was able to overpower and kill frogs (but not larger toads). We concluded that the relatively weak venom of N. fodiens is helpful in overpowering and hoarding mainly medium-sized prey. Thus, venomousness helps N. fodiens to optimize its foraging as it reduces prey handling time, enables it to gain larger energy portions, and facilitates food hoarding, which reduces foraging time.
there are at least 7 venomous species among extant Eulipotyphla (2 species of the genus Solenodon, 3 species of Blarina, and 2 of Neomys), plus 5 species (B. peninsulae, N. teres, Sorex cinereus, Crocidura canariensis, and Chimarrogale platycephalus) that are probably venomous (Dufton 1992; Ligabue-Braun 2016; Kowalski et al. 2017; S. Ohdachi, Hokkaido University, pers. comm.) . This allows for comparative studies with closely related venomous and nonvenomous species.
During recent decades, after discovering several extinct and probably venomous eulipotyphlans (Fox and Scott 2005; Cuenca-Bescós and Rofes 2007; Peigné et al. 2009; Rofes and Cuenca-Bescós 2009; Furio et al. 2010) , and with the development of venomics (Kita et al. 2004 (Kita et al. , 2005 Aminetzach et al. 2009; Whittington et al. 2009; Casewell et al. 2013 ), discussion about the evolution and function of venomousness in mammals reopened (Turvey 2010; Folinsbee 2013; Rode-Margono and Nekaris 2015; Harris and Arbuckle 2016; Ligabue-Braun 2016) . Several mutually nonexclusive hypotheses explaining the evolution and function of venom, and the related food-hoarding behavior in small eulipotyphlans, have been proposed: venom 1) enables subduing of relatively large prey such as small-sized vertebrates, 2) shortens handling time, 3) increases effectiveness in preying on invertebrates, 4) paralyzes or immobilizes prey hoarded fresh for later consumption, 5) helps to make food stores for winter, 6) plays a role in intraspecific competition, 7) contains enzymes that help in prey digestion (Pournelle 1968; Tomasi 1978; Martin 1981; Dufton 1992; Folinsbee 2013; Rode-Margono and Nekaris 2015; Ligabue-Braun 2016) , and 8) enables hunting of larger aquatic prey, and thus avoidance of competition with shrews preying on smaller terrestrial prey. Moreover, 9) hoarding of immobilized prey enables larger shrews to make long diurnal breaks in activity and adopt a unimodal nocturnal activity pattern, and 10) food hoarding is profitable for shrews that cannot store much energy in their bodies or 11) defend resources against competitors (Maser and Hooven 1974; Churchfield 1984; Hanski 1985 Hanski , 1994 Rychlik and Jancewicz 2002; Rychlik 2004) . Hypotheses 1 and 4 particularly absorb researchers' attention and the ongoing debate is called "hunting big or hoarding small" (Furió et al. 2010; Ligabue-Braun 2016) . However, such an alternative of mutually exclusive functions is not necessary. According to Harris and Arbuckle (2016) , the use of venom by a given species frequently has several functions (e.g., most typically, prey capture and defense).
To examine the significance of venom in shrews, we selected Neomys fodiens as the target species and Sorex araneus as a nonvenomous control species. Sorex araneus is known to consume prey of variable body sizes (Churchfield 1984; Churchfield and Sheftel 1994; Churchfield and Rychlik 2006) , including small frogs and young mice (Tupikova 1949) , and to hoard food (Tupikova 1949; Dehnel 1961; Rychlik and Jancewicz 2002) . To understand the function of venom in shrews and other animals, experiments with their natural prey are required, rather than with typical toxicological models such as mice or rabbits that were usually used in the past (Rode-Margono and Nekaris 2015; Ligabue-Braun 2016). Therefore, we allowed shrews to hunt and gather wild prey of different taxa and varying in body mass.
In reference to the above-mentioned hypotheses, we hypothesize 2 functions of venom in shrews: (H1) venom facilitates the overpowering of large prey, and (H2) venom enables hoarding of mainly large prey in a comatose state (i.e., paralyzed with venom but not killed). Hunting and eating of large prey have been observed in venomous shrews such as Blarina brevicauda (Eadie 1944; Tomasi 1978; George et al. 1986) and N. fodiens (Buchalczyk and Pucek 1963; Pernetta 1976; Wołk 1976; Kraft and Pleyer 1978) . According to Brehm (cited in Lorenz 1952) , in captivity, N. fodiens killed fish up to 60 times heavier than itself. Venomous shrews were observed to hoard food, usually in the form of relatively large prey (Ingram 1942; Robinson and Brodie 1982; Martin 1984; Rychlik 1999; Rychlik and Jancewicz 2002) . Hoarding of comatose prey, including mice, was observed in B. brevicauda (Ingram 1942; Tomasi 1978; Martin 1981 Martin , 1984 . Among the advantages of hoarding large prey are: transport of a few large prey items to the shelter is less energetically costly and exposes the shrew to predation less than multiple transports of small prey, and large prey items provide a food supply for a longer time and remain fresh longer (Tomasi 1978; Martin 1981 Martin , 1984 Rychlik 1999) . Thus, we predicted that (P1) both N. fodiens and S. araneus would immediately consume small prey such as larvae and adult beetles without attempts of prior immobilization, but hoard medium-sized and large prey in a higher proportion than small prey. However, N. fodiens displayed a weaker tendency to hoard food than S. araneus (Rychlik and Jancewicz 2002) because the smaller S. araneus has a higher metabolic rate and cannot accumulate as much energy in its body as the larger N. fodiens, so it needs to make "external" energy reserves (Hanski 1985 (Hanski , 1994 Rychlik and Jancewicz 2002) . Therefore, we expected that (P2) N. fodiens would immediately consume proportionally more food than S. araneus, whereas S. araneus would hoard proportionally more food.
Venomous shrews, when attacking large prey, usually bite the head, neck, or adjacent body parts (Cranbrook 1959; Robinson and Brodie 1982; Haberl 2002) . This way venom quickly enters the prey's brain, causing rapid paralysis (Pucek 1959; Dufton 1992) . Therefore, we predicted that (P3) both shrew species should eat or hoard larger and more agile prey such as large earthworms or frogs only after immobilization. However, each species would immobilize prey in a different way displayed by different hunting behavior (P4): venomous paralyzing in N. fodiens (fewer bites injecting venom directed to the head region of prey, with longer breaks between bites indicating that a water shrew waits for the effect of venom), and mechanical immobilization in S. araneus (many and frequent bites distributed along the whole body of the prey and especially into locomotory organs). We also expected that (P5) N. fodiens would hoard more immobilized prey and (P6) it would attack, overpower, and kill more frogs and toads than S. araneus. However, because toads possess a potent poison in their skin glands and display more defense behaviors than frogs (Marchisin and Anderson 1978; Kowalski et al., 2018) , we predicted that (P7) N. fodiens would be more successful in overpowering and killing frogs than toads. Finally, we expected that (P8) the time required to handle prey would increase with prey size, and it should be shorter in N. fodiens than in S. araneus, and this difference should grow with an increase in prey size.
Materials and Methods
Trapping and housing of shrews.-Shrew-trapping sessions were performed from April to October 2014-2016, but excluding the coldest periods to reduce the risk of animal death by hypothermia. In total, we captured 24 water shrews and 26 common shrews. All animals were captured using wooden box live traps baited with minced beef. We set 30-60 traps per session in the Morasko district of Poznań and in the vicinity of Zielątkowo village, north of Poznań, western Poland, along the banks of watercourses or ponds, and in humid forests. Captured shrews were placed individually in small transport containers (18 × 11 × 13 cm; 2.5 liters), and carried to the laboratory. Next, shrews were weighed (mean body mass [g] ± SE; N. fodiens: 15.28 ± 0.48; S. araneus: 8.19 ± 0.18) and separately put into large (39 × 21 × 28 cm; 23 liters) terraria equipped with bedding (a mixture of peat, moss, and sand). Each terrarium contained a shelter (flowerpot) and a bowl with water. Food (live mealworms, earthworms, snails, and minced beef) and water were provided ad libitum. To ensure the same hunger level of the shrews, we fed them once per day and not less than 16 h before the experiment the following day. The shrews were kept in the breeding room under standard laboratory conditions (temperature: 18 ± 2°C; humidity: 65-70%; artificial photoperiod: 12L:12D). After 3-4 days of habituation to captive conditions they were involved in laboratory trials. Keeping the shrews in captivity for short periods and maintaining them on a seminatural diet including live and wild prey allowed us to study their natural hunting and hoarding behaviors. Experimental design.-To compare hunting and hoarding behaviors of the 2 shrew species, and to investigate the role of venom, we offered shrews live prey differing in body size (Table 1) . We conducted 120 tests with venomous water shrews and 104 control tests with nonvenomous common shrews. As common shrews were not capable of overpowering and killing frogs, we did not confront them with the toads. Each shrew species was tested only once with each type of prey (chosen randomly) and tested only once per day.
All the tests were performed in an empty laboratory in a glass terrarium of dimensions 39 × 21 × 28 cm (23 liters). Only a shelter made of transparent plastic was provided in the terrarium. In the tests with earthworms and anurans, the terrarium was covered with a transparent lid to prevent prey from escaping from the arena. The terrarium was illuminated by a 25-W light bulb, whose light was not directed toward the tested animals. A single water shrew or common shrew was placed in the terrarium, and after allowing 5 min for a tested animal to familiarize itself with the new environment, live prey of the selected category was placed in the middle of the terrarium (3 T. molitor larvae, 2 T. molitor imagoes, 2 earthworms, 1 frog, or 1 toad were offered in a single trial). Hunting behavior of shrews was recorded by a digital video camera (Sony HDR-PJ780). The recording lasted until the prey was 1) killed and eaten, 2) hoarded, or 3) up to 30 min, if the shrew did not show interest in hunting the given prey item. After each test, shrews were returned to their cages. The prey was inspected for injury or paralysis, and 1) killed, if they were harmed by the shrews; 2) fed to shrews, if they were killed; or 3) returned to the cage, if they were unharmed. Additionally, after each test, a Except for the lengths of earthworms and frogs, all other differences between prey types in their masses and lengths were statistically significant (MannWhitney U-test: P ≤ 0.001).
alive anurans were stimulated with a stick to check their ability to jump and flee, and to exclude paralysis. After each test, the floor and walls of the terrarium were cleaned with ethanol to remove the scents left by the tested animals. The following test began ca. 15-25 min after the end of the previous test. We conducted up to 6 (usually 5) trials a day. All experiments were performed under standard laboratory conditions (temperature: 18 ± 2°C; humidity: 65-70%). Research methods were approved by the Local Ethical Committee for the Animal Experiments in Poznań, the Regional Director for Environmental Protection in Poznań, and the General Director for Environmental Protection, and followed guidelines of the American Society of Mammalogists for ethical use of wild animals in research (Sikes et al. 2016) .
Data organization.-We measured the mass of each shrew and prey item for each test. Immediately after each test, the number of invertebrate prey of each type 1) eaten immediately, 2) eaten gradually, 3) hoarded immediately, 4) hoarded after immobilization, and 5) left by the shrews (Table 2) were noted. For frogs and toads, we recorded the number of anurans attacked, overpowered, paralyzed, killed, or left unharmed by the shrews. Next, the average time required to overpower (eat, immobilize, or kill) prey of a given category was estimated. The relationship between prey mass and time needed to deal with the prey was calculated. Additionally, the number of different categories and frequency of behavioral responses of the tested anurans were recorded. All defensive behaviors were named in accordance with the terminology proposed by Toledo et al. (2011) .
Statistical analyses.-We tested differences in the number of the given prey eaten, hoarded, attacked, killed, or subdued by the shrews using generalized linear models (GLMs) with the number of the utilized prey as the response variable. Differences in the average time required for each shrew species to subdue prey of a given category were compared using Kruskal-Wallis tests. To determine intra-and interspecific differences in the mean time needed to overcome prey, Student's t-test or Mann-Whitney U-test was applied. To calculate the relationship between prey mass and the average time needed to subdue it, we performed GLMs with Poisson errors corrected for overdispersion. To eliminate the effect of differences in body mass of shrews, we calculated the prey mass/shrew mass ratio. We used the average time as the response variable, and interaction of log-transformed prey mass/shrew mass ratio × species as fixed factors, and prey category as a random factor. Differences in the number of defensive behaviors displayed by frogs and toads were analyzed by performing chi-square goodness-of-fit tests. All statistical analyses were computed in R software (R Development Core Team 2015) . Differences were considered statistically significant for P-values less than 0.05.
results
Consumption of invertebrate prey items.-Small invertebrates were eaten immediately by N. fodiens more frequently than medium-sized earthworms (larvae versus earthworms: χ 2 = 71.91, d.f. = 1, P < 0.0001; beetles versus earthworms: χ 2 = 42.23, d.f. = 1, P < 0.0001; Fig. 1a ). In contrast, mediumsized prey were eaten gradually significantly more often than small prey items (earthworms versus larvae: χ 2 = 32.91, d.f. = 1, P < 0.0001; earthworms versus beetles: χ 2 = 26.43, d.f. = 1, P < 0.0001; Fig. 1a ). Sorex araneus also immediately ate small prey more frequently than medium prey (larvae versus earthworms: χ 2 = 71.97, d.f. = 1, P < 0.0001). The proportions of eaten larvae and beetles were almost equal (χ 2 = 0.78, d.f. = 1, P = 0.38; Fig. 1a ). Similar to the water shrew, mediumsized earthworms were consumed gradually by the common shrew statistically more often than larvae (χ 2 = 18.29, d.f. = 1, P = 0.0001) and beetles (χ 2 = 34.13, d.f. = 1, P < 0.0001). The proportion of small prey eaten immediately was the same for both shrew species (larvae: χ 2 = 0.05, d.f. = 1, P = 0.81; beetles: χ 2 = 2.27, d.f. = 1, P = 0.13; Fig. 1a ). Medium-sized prey items also were consumed gradually by both shrews with the same frequency (χ 2 = 0.01, d.f. = 1, P = 0.91). Hoarding of invertebrate prey items.-Neomys fodiens hoarded mainly medium-sized prey items, and they were hoarded more frequently after immobilization (χ 2 = 23.16, d.f. = 1, P = 0.001; Fig. 1b) . Medium-sized prey were hoarded more often than larvae (χ 2 = 23.17, d.f. = 1, P = 0.001), whereas beetles were not hoarded at all (Fig. 1b) . Similar to the water shrew, S. araneus hoarded mainly medium-sized prey items and they were hoarded more frequently than small prey (earthworms versus larvae: χ 2 = 48.77, d.f. = 1, P < 0.0001; earthworms versus beetles: χ 2 = 32.14, d.f. = 1, P < 0.0001). Moreover, medium-sized prey were hoarded only after immobilization (χ 2 = 56.84, d.f. = 1, P < 0.0001; Fig. 1b) . Small prey items were hoarded by both shrew species with the same frequency (χ 2 = 0.06, d.f. = 1, P = 0.81), whereas medium-sized Table 2 .-Categories of prey manipulated by the shrews in laboratory trials.
Prey category Definition
Eaten immediately A prey item consumed by the shrew immediately at the place of capture Eaten gradually Prey frequently manipulated and gradually eaten by the shrew at the place of capture, with the shrew not carrying a prey item to the shelter or a corner of the terrarium Hoarded immediately Carrying of prey from the place of capture into a shelter or to a corner of the terrarium, with the shrew not eating any portion of the prey immediately Hoarded after immobilization Carrying of a prey item from the place of capture into a shelter or to a corner of the terrarium, with the shrew not eating any portion of the prey immediately; a place of food hoarding often visited by the shrew, with the shrew frequently biting the hoarded prey (to ensure the immobilization of prey) Left
Prey item ignored by a shrew, with the shrew not handling (sniffing, biting, consuming, etc.) the prey during the entire trial prey were hoarded more often after immobilization by the common shrew (χ 2 = 3.92, d.f. = 1, P = 0.04; Fig. 1b ). All earthworms hoarded by N. fodiens and S. araneus were immobilized but alive. Both shrew species immobilized prey by many and frequent bites distributed along the whole prey body, i.e., in the way we defined as mechanical immobilization.
Hunting anurans.-Both shrew species showed interest in hunting frogs (Fig. 2) , but water shrews attacked more frogs than did common shrews (χ 2 = 47.28, d.f. = 1, P < 0.0001), and only N. fodiens were able to overpower (χ 2 = 39.61, d.f. = 1, P < 0.0001) and kill (χ 2 = 23.10, d.f. = 1, P < 0.0001) them. The frogs were frequently bitten in forelimbs and hind limbs, sides of the body, and only occasionally in the mouth; no bites directed at the head or neck were observed. None of the frogs showed symptoms such as irregular respiration, paralysis, or convulsions. Common shrews were unable to subdue any frog, despite the fact that the frogs offered to S. araneus were smaller than those offered to N. fodiens. However, 1 time we observed a S. araneus consuming the carcass of a frog that had died during the laboratory trial.
Only N. fodiens attacked toads and although they were quite often (85% of cases) bitten by water shrews, usually in the rear and sides of the body or in limbs, none were subdued. After biting a toad, water shrews squeaked, rubbed their snouts with front paws (see the movie in Supplementary Data SD1), and ceased further attacks.
Defensive behaviors of anurans.-Among 21 frogs attacked by the water shrews, only 6 were overpowered. Frogs displayed only 7 defensive responses to avoid predation by N. fodiens (Fig. 3a) , and defensive vocalization (distress calling type) coupled with fleeing were the most frequently employed reactions (35% and 30% of all the recorded responses, respectively). Kicking (14.4%) successfully prevented the frog from being reached by the water shrew. Remaining motionless (24% of observations) was less effective as an immobile frog was easily detected and frequently bitten by N. fodiens. Similarly, 8 defensive responses of frogs were recorded in tests with common shrews (Fig. 3b) , the only difference being crouching down and withdrawing instead of mucus releasing. The most common response was fleeing (over 40% of all the recorded reactions) followed by immobility (24.4%) and defensive vocalization (21%). We did not find significant differences in the frequency of displaying fleeing, defensive vocalization, immobility, and kicking a predator between frogs attacked by N. fodiens and by S. araneus (P > 0.05 in all cases).
No toads attacked by N. fodiens were overpowered. Toads displayed more different behavioral responses than frogs (13 versus 7) to avoid predation (Fig. 3c) . The most common reaction was remaining motionless (ca. 54% of all the recorded responses). Hitting with their head (13.2% of observations) also was a very effective defense of toads against water shrews. In comparison to frogs, the toads remained motionless and hit the predator with their heads more frequently (immobility: (Kruskal-Wallis rank sum test: χ 2 = 85.28, d.f. = 3, P < 0.0001; Fig. 4) . Neomys fodiens needed more time to overpower large prey than small (frogs versus larvae: Mann-Whitney U-test: U = 0.0, P < 0.0001; frogs versus beetles: U = 0.0, P = 0.0002) and medium prey (frogs versus earthworms: U = 0.0, P = 0.0002), and more time to subdue medium-sized prey items than small ones (earthworms versus beetles: U = 115.0, P = 0.0002; earthworms versus larvae: U = 0.0, P < 0.0001). The water shrew also required more time to overpower beetles than larvae (U = 22.0, P < 0.0001). Similarly, for S. araneus, the mean time needed to handle each type of prey differed significantly (χ 2 = 94.78, d.f. = 2, P < 0.0001; Fig. 4 ). Sorex araneus needed more time to subdue medium-sized prey than small-sized prey (earthworms versus larvae: U = 49.5, P < 0.0001; earthworms versus beetles: U = 233.5, P < 0.0001), and more time to overpower beetles than larvae (U = 63.0, P < 0.0001). The mean time required to handle small prey items was nearly equal for both shrew species (Student's t-test: t = 0.55, d.f. = 117, P = 0.58 for larvae; U = 247.5, P = 0.07 for beetles). However, S. araneus needed more time than N. fodiens to overpower earthworms (U = 294.0, P = 0.007; Fig. 4 ). The interspecific differences in the mean time required by both shrew species to subdue invertebrate prey of each category were also significant with increasing prey mass/ shrew mass ratio (i.e., when the influence of interspecific differences in shrew body masses was eliminated), and S. araneus needed significantly more time than N. fodiens to overpower larger prey (t = 2.37, d.f. = 234, P = 0.01; Fig. 5 ).
discussion
In accordance with our predictions (P1, P3), small prey items were immediately consumed by both shrew species, whereas larger invertebrates, but not anurans, were hoarded in a shelter after immobilization. Larvae and adults of T. molitor rarely were hoarded, and N. fodiens did not hoard adult mealworms at all. These findings are consistent with previous reports that shrews consume small prey immediately upon capture, whereas larger prey items are hoarded (e.g., Martin 1981 Martin , 1984 Robinson and Brodie 1982; Formanowicz et al. 1989; Rychlik and Jancewicz 2002) . All these results support the opinion that large prey is more suitable for hoarding than small prey because 1) transporting a few large prey items to a shelter, in contrast to multiple transports of small prey, is energetically less costly and exposes the shrew to fewer contacts with predators or competitors; 2) large prey provides more energy that suffices for a longer time; and 3) a large prey item remains fresh longer, especially if stored in a comatose state, and decays more slowly (Robinson and Brodie 1982; Martin 1984; Dickman 1988; Rychlik 1999) . Apparently, these advantages motivate shrews to sometimes make extraordinarily large food stores; 1 individual of B. brevicauda cached as many as 56 small (ca. 3 cm long) frogs in its nest (Robinson and Brodie 1982) . Contrary to our prediction (P2), N. fodiens did not immediately consume proportionally more food than S. araneus. The higher metabolic rate and food requirements of S. araneus, and duration of our tests that was too short to observe fully the tendencies of the 2 species to eat or gather food, are possible explanations. Moreover, the invertebrates offered could be more favorable for S. araneus than N. fodiens, as it appears from their natural diets (Churchfield and Rychlik 2006) . Sorex araneus, as expected, hoarded proportionally more food than did N. fodiens. The water shrew hoarded less immobilized prey than S. araneus (contrary to P5) and we have not observed in N. fodiens behavior suggesting the use of venomous paralyzing (P4). Both species immobilized invertebrates in the way we defined as mechanical immobilization, i.e., by many and frequent bites distributed along the whole body of the prey. Surprisingly, N. fodiens also used this method to subdue amphibians, which is contrary to our prediction and some earlier observations that while attacking salamanders or frogs, venomous B. brevicauda and N. fodiens bit their head and neck regions (Cranbrook 1959; Robinson and Brodie 1982; Haberl 2002; L. Rychlik, pers. obs.) . Thus, we also expected (P4) that in our study amphibians should be bitten in the head or neck regions to inject the venom into or close to the brain, and immobilize prey quickly. In contrast, frogs were principally bitten by water shrews in forelimbs and hind limbs, and sides of the body. However, there are similar observations of water shrews biting frogs in their limbs (Wołk 1976) or legs and hindquarters (Lorenz 1952) . According to Maier (2005) , B. brevicauda was even more successful in subduing eastern spadefoot toads (Scaphiopus holbrookii) when seizing the toad's hind limbs than its cephalic region. This is because by damaging hind limbs, which was also observed by other authors (Hatt 1938; Brodie and Formanowicz 1981) , shrews suppress jumping (and thus escaping) abilities of anurans, and circumvent other anuran defenses such as chin tucking, biting, head butting, and parotoid gland secretions (Maier 2005) .
Many authors (Tupikova 1949; Cranbrook 1959; Buchalczyk and Pucek 1963; Wołk 1976; Kraft and Pleyer 1978; Köhler 1984 ; L. Rychlik, pers. obs.) reported water shrews preying on frogs and fish, both under laboratory conditions and in the wild. The vertebrate prey not only was killed, but also eaten by N. fodiens. Frogs were usually consumed by biting into the region of the thorax near the limbs or on the back and sides of the body, and also internal organs frequently were eaten (Buchalczyk and Pucek 1963; Wołk 1976; Köhler 1984; Haberl 2002) . In our study, water shrews usually started consuming frogs by eating the head (see Supplementary Data SD2a) or the ventral part of the body. We also observed N. fodiens consuming the hind leg of a frog (see Supplementary Data SD2b) and skin from a frog's back (see Supplementary Data SD2c).
Although N. fodiens was effective in hunting and killing frogs, it was not able to overpower toads, which is partly consistent with our prediction (P7). Several explanations of this fact could be considered. Firstly, common toads involved in our experiments were significantly heavier than frogs and water shrews (twice as heavy as N. fodiens), so one can assume that the water shrew was not able to overcome such large prey (though N. fodiens can depredate toads and heavier prey than itself -Lorenz 1952; Wołk 1976) . Secondly, toads displayed many behavioral responses to minimize the risk of predation, and immobility and head hitting effectively prevented N. fodiens attack. Thirdly, toads secrete potent poison from their parotoids and other skin glands to defend themselves (Toledo et al. 2011) . Although most toads in our tests were bitten by water shrews, none of them released toxic secretions from parotoids. However, all water shrews that attacked the toads ceased the attack after biting. They frequently squeaked and rubbed their snouts with their front paws after biting the toads. Formanowicz and Brodie (1979) observed that B. brevicauda vocalized and rubbed its mouth after contacting the skin of Rana palustris or R. sylvatica. According to the authors, shrew reactions were related to toxic secretions contained in the ranid skin.
The venomousness of N. fodiens has been known for a long time (Pucek 1957 (Pucek , 1959 , and the paralytic activity of its venom recently was proven (Kowalski et al. 2017 ). We also found phospholipase A 2 in N. fodiens venom, which displays neurotoxic effects (Harris and Scott-Davey 2013) , and can contribute to the paralytic reactions we reported. However, although in the present study the frogs were frequently bitten by N. fodiens, none of them displayed symptoms of venom effect, such as excessive urination, irregular respiration, paralysis of the hind limbs, or convulsions. Pucek (1957) also observed that frogs bitten by water shrews jumped clumsily but did not display signs of paralysis. Similar results were reported by Lorenz (1952) and Köhler (1984) , who did not observe paralysis in fish, tadpoles, and frogs hunted by N. fodiens. This means that the water shrew either does not employ its venom or the venom is too weak to paralyze large prey, including the 4-to 6-cmlong frogs in our experiment. The latter option is supported by the observation that smaller (2-to 3-cm-long) frogs, after being bitten by N. fodiens, exhibited paralysis-like reactions: stretching limbs backwards and remaining motionless (L. Rychlik, pers. obs.) . However, this reaction could also be the "stifflegged" defensive posture described in other anurans (Toledo et al. 2011) . We observed immobilization of frogs seized by N. fodiens, which occurred after hunting behavior that we called mechanical immobilization. The option that venom is not necessary to subdue large prey is supported by reports proving that both semiaquatic and terrestrial nonvenomous shrews are able to do so. For example, semiaquatic Sorex palustris can kill and eat small minnows, salamanders, and fish (Conaway 1952; Nussbaum and Maser 1969; Catania et al. 2008) , whereas Sorex pacificus can kill and eat frogs and lizards (Maser and Hooven 1974) . Some nonvenomous terrestrial shrews are known to hunt small vertebrates, especially young frogs and rodents (Hamilton 1930; Tupikova 1949; Ružić 1971) . Sorex pacificus hoarded large invertebrates that were immobilized by biting and remained alive for > 10 h (some even > 22 h-Maser and Hooven 1974), whereas Sorex bendirii overpowered earthworms with rapid series of bites along their length, then stored them (Pattie 1969) .
It is possible, however, that N. fodiens employs its venom to overpower prey, and only our assumption, that venom should be injected by 1 or a few bites close to the brain, was false. Instead, venom may be administered by numerous bites along the whole body. This way of overpowering prey and the effect of venom could be difficult to distinguish and separate from mechanical immobilization, but there are some clues. According to Cranbrook (1959) , earthworms bitten along the body by N. fodiens displayed a "semi-paralyzing effect", whereas similar damage by S. araneus did not cause such a result. Sorex vagrans also attacked earthworms by biting them along the entire body, but they were not completely immobile when shrews started to eat them (Maser 1966) . Also, there were differences in handling time found in our study. As expected (P8), time needed to handle a prey item was shorter in N. fodiens than S. araneus even if items of proportionally similar mass in relation to the mass of shrew were compared. More significantly, this difference grew with the increase in prey size. In our opinion, these results prove the additive or synergistic effect of venom to the mechanical damage caused by N. fodiens. Moreover, only water shrews overpowered and killed frogs (P6), and we cannot exclude that this was due to the use of venom in addition to the greater strength and hunting ability of N. fodiens resulting from its larger size.
Body size of shrews is a trait that affects their hunting abilities on larger prey, and has to be considered apart from venomousness. Firstly, the bite force of shrews increases with their size and the mass of masticatory musculature (Carraway and Verts 1994) , so bite force is doubtless higher in N. fodiens than in S. araneus. Secondly, because of its larger size, the water shrew also is bolder, more aggressive, and dominating in interspecific interactions (Krushinska and Rychlik 1993; Rychlik and Zwolak 2006) , which strengthens its predatory capability. So, even if its venom is ineffective in subduing small vertebrates, these features enabled N. fodiens to hunt such prey as frogs. In contrast, the smaller and less bold S. araneus was not able to overpower and kill such prey in our study because jumping and vocalizing by frogs effectively discouraged shrews from attacking and biting.
Although the examples discussed above show that water shrews can hunt larger vertebrate prey, in general vertebrates occur only occasionally in shrew diets. Many studies showed that N. fodiens feed principally on invertebrates (e.g., Wołk 1976; Churchfield 1984 Churchfield , 1985 Castien, 1995; Rychlik and Jancewicz 2002; Churchfield and Rychlik 2006) . So, as survival of N. fodiens does not depend on capturing large prey, the water shrew may not need to produce a strong venom, especially as venom production is metabolically costly (Nisani et al. 2007 ). Indeed, the venom of N. fodiens is about onethird as toxic as the venom of B. brevicauda (Pucek 1968) . Nevertheless, it was reported that B. brevicauda used venom as an immobilizing agent for snails (Ingram 1942) or insects (Lawrence 1945; Martin 1981 ) and the immobilizing effect of its venom is stronger on insects than on anurans (Brodie and Formanowicz 1981; Martin 1981; Maier 2005) . We found that venom of N. fodiens had cardioinhibitory effects on contractility of the T. molitor heart (Kowalski et al. 2017) . Thus, this venom possibly facilitates hunting larger invertebrates, such as large beetles, diplopods, or crickets, through inhibition of the heart, although it is not very effective in subduing prey such as frogs. This conclusion is supported by our results showing that the mean time required to handle small invertebrates did not differ between N. fodiens and S. araneus but was significantly different for earthworms (70.8 versus 113.0 s). Tupikova (1949) also reported that the 2 shrew species needed similar times to subdue smaller or softer invertebrates (locusts, grasshoppers, small beetles such as Aphodius erraticus and Platysma vulgare), but S. araneus needed at least twice as much time as N. fodiens to kill larger beetles (Geotrupes stercorarius, Catonia aurata) and was not able to overpower the largest beetles (Macrodytes marginalis, Carabus coriaceus) that were killed and eaten by N. fodiens.
The extinct, and suspected to be venomous, shrew Beremendia probably hunted and hoarded mainly beetles and snails, i.e., medium-sized invertebrates (Furió et al. 2010) . So, if we come back to the debate called "hunting big or hoarding small" about the main function of venom in shrews (Furió et al. 2010; Ligabue-Braun 2016) , then, based on our results and taking into account that venomous shrews eat mainly invertebrates (i.e., small or medium prey according to our categories) rather than vertebrates (i.e., large prey; e.g., Martin 1981; Churchfield 1985; George et al. 1986; Churchfield and Rychlik 2006) , we can propose a new hypothesis: in shrews, relatively weak venom is helpful mainly in hunting and hoarding medium-sized prey. Consequently, both of our initial hypotheses are partially supported: venom is helpful in overpowering (H1) and hoarding (H2) medium-sized rather than large-sized prey. Maser and Hooven (1974) suggested that hoarding of immobilized prey by S. pacificus should be an adaptation to its mainly nocturnal activity because stores of fresh food help it to survive long breaks in activity during the day (in contrast to S. vagrans, which is active throughout the 24-h cycle and hoards prey but does not immobilize it). As N. fodiens also displays the unimodal nocturnal activity pattern (Rychlik 2005) , its hoarding of immobilized prey can be explained as for S. pacificus, and this would extend the function of N. fodiens venom. Thus, our results show that venomousness helps N. fodiens to optimize its foraging as it reduces prey handling time, enables gaining larger energy portions in the form of medium and large prey, and facilitates food hoarding, which, in turn, enables it to reduce foraging time, diurnal activity, and predation risk by utilizing fresh food stores in shelters.
suppleMentary data
Supplementary Data are available at Journal of Mammalogy online. Supplementary Data SD1.-The water shrew hunting the common toad. After sniffing and biting the toad, Neomys fodiens squeaks and rubs its snout with front paws. Supplementary Data SD2.-Frogs overpowered by Neomys fodiens: (a) with the head bitten off, (b) with a leg gnawed off (an arrow indicates the tibiofibula), and (c) with the skin removed from the frog's back.
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